The use of CO2 for adsorption cooling system is attractive and interesting. the production of solar cooling adsorption using activated carbon possesses many advantages: nontoxic and nonflammable natural refrigerant, with zero ozone depleting potentiel, negligible global warming potentiel for refrigeration and operating with solar thermal energy. A computer program written in Fortran language has been developed to provide us with the time-space evolution of temperature and average fluid content and to optimize the heat and mass transfers performance using activated-carbon/CO2 pair in Monastir city (Tunisia) during sorption phenomena. The main numerical results showed that activated carbon / methanol pair is more efficient than activated carbon / CO2 pair. COPs is less than 0.206 and 0.098 for activated-carbon/methanol and activated-carbon/CO2 pairs, respectively. The temperature is strongly related to mass desorbed. So, to improve the solar coefficient of performance COPs, it is necessary to have a large evaporation temperature and a low condensation temperature.
INTRODUCTION
Throughout Energy is an essential input to all economic activities, therefore access to energy is a vital component to ensure economic competitiveness and growth. The conventional fossil-fuel based energy structure comprises of fuel sources like coal, natural gas and petroleum. These sources are non-renewable in nature because their supply is limited and finite. In addition to being unsustainable, the fossil-fuel based energy structure is a major contributor to climate change and in some cases it proliferates adverse ecological impacts. The catastrophic effects caused by the overdependence of fossil based fuel sources have forced modern economies to consider renewable forms of energy. Renewable energy sources are infinite since they are naturally replenished. Adsorption cooling system is one of the most promising research topics in field of renewable energy. Common adsorbents, which have been studied in adsorption cooling applications: zeolite, silica-gel, and activated-carbon [1] [2] [3] [4] [5] [6] [7] . The activated carbon has been used with different refrigerants for low-temperature applications [8] for example activated-carbon/methanol [9, 10] , activatedcarbon/ammonia [11, 12] , activated-carbon/ethanol [13, 14] , activated-carbon/ /HFO-1234ze(E) [15] . During this work we are interested to the production of cold by adsorption using activated carbon / CO2 pair. The studies made so far are few, we note some work [16] [17] [18] [19] [20] . Animesh Pal et al. [16] have studied, experimentally, CO2 adsorption by a composite adsorbent using three models. They have showed that the Toth model is the most adequate.
Skander Jribi et al. [17] studied the adsorption kinetics of CO2 on a microporous activated carbon powder of Maxorb III type. They found that the classical linear driving force (LDF) allows for better tuning of Toth and Duinin-Astakhov models.
Vinod Kumar Singh et al. [18] have experimentally determined CO2 adsorption isotherms on three types of activated carbons. They found that specific cooling effect (SCEmax) and maximum coefficient of performance (COPmax) are respectively equal to 25.85 kJ / kg and 0.09, when heating temperature is 80 °C and evaporation temperature is 15 °C.
Skander Jribi et al. [19] studied, numerically, the performance of four-bed adsorption refrigeration machine using activated carbon / CO2 pair. They found that with heating temperature of 95 °C and an optimal desorption pressure of 79 bar, the maximum coefficient of performance is 0.1.
Wu Fan et al. [20] have studied, theoretically and experimentally, CO2 adsorption by five types of activated carbon to determine the maximum capacity of CO2 adsorption for each adsorbent. This study, also allowed that coefficient of performance is better when pore diameter of activated carbon is between 7 and 15 A.
Nor Adilla Rashidi et al. [21] have studied, experimentally, CO2 adsorption by using a static volumetric instrument. They have determined CO2 adsorption isotherms using a various isotherm models. They found that Freundlich isotherm is the most adequate to the experimental data.
Saha et al. [22] measured CO2 adsorption isotherms using activated carbon fiber of type A-20 and activated carbon powder of type Maxsorb III. The results show that that The Tóth and modified D−A isotherms are better fitting than that of the Langmuir and the D−A equations. Garcia et al. [23] measured CO2 adsorption isotherms on phenol-formaldehyde resin based activated carbon at three different temperatures 298 K, 318 K and 338 K. They have found that the CO2 adsorption capacity dropped from 440.14 to 264.08 mg/g as the temperature increased from 298 to 338 K.
Yu et al. [24] studied CO2 adsorption isotherms on commercial Kureha carbon at different temperatures (298-323 K). They have found that the adsorption capacity decreased from 462.15 to 374.12 mg/g with increase in temperature from 298 to 323 K.
As such, the purpose of this article is to study heat and mass transfers in a flat solar collector using activatedcarbon/CO2 pair in order to study the feasibility of this pair for adsorption refrigeration cycle evolution under Monastir city climatic conditions. According to various studies cited above, we have chosen the Dubinin model since the results showed that D-A isotherm's equation is better fitting than that of the other equations. Numerical results have been compared with activated carbon/methanol pair.
COMPUTATIONAL MODEL

Mathematical formulation
The adsorber is a plane collecter (Figure1) with three phases: a solid phase (activated carbon), liquid phase (methanol or CO2), and a gaseous phase (vapor methanol or vapor CO2. The macroscopic equations governing coupled heat and mass transfer are derived from the volumeaveraging technique [25] . Thermo-physical properties of the porous bed are constant and independant of temperature. The porous medium is undeformable, homogeneous and isotropic and bed porosity and grain porosity are supposed constant. Gas-solid and solid-liquid surfaces are immobile. Based on the above assumptions, the macroscopic governing equations can be written as follows:
Mass conservation equation:
Gaseous phase:
where g  is gas density, g V is gas velocity, and m
• is the desorbed mass rate.
Momentum equation (Darcy's law):
Darcy's law can express the gas velocity:
where k is the permeability of the medium, it is given by the Koseny-Carmen empirical relation as follows:
Energy conservation equation:
We have the following energy equation (when there is local thermal equilibrium) represented by
The effective heat capacity of the porous bed is given by:
Cp
Cp XCp Cp
The effective thermal conductivity is given by:
Desorption kinetic:
where X is the fluid content, which is determined by the Dubinin's equation:
In the present study, ( )
Thus, the equation of X becomes
where X0, DB 2 depend on the chosen adsorption couples.
Basic considerations on the adsorption system
A classical solar adsorption cycle has been studied in this section (Figure 2 ). At the beginning of the cycle, the valves V1, V2 and V3 are closed, the adsorber is at its low pressure Pe and at its low temperature Ta, the adsorbent is loaded with a maximum adsorbate mass. During the heating of the adsorber, the pressure of the adsorbed gas increases as its temperature increases, the adsorbed mass remains constant.
When the pressure reaches that of the condenser Pc, the valve V2 opens, the desorbed vapor flows to the condenser where it liquefies at the condensing temperature and the condensate is stored in the tank. The heating continues until the adsorber is in equilibrium with the temperature of the hot source where the temperature reaches its maximum value Tg. At this point, the cooling of the adsorber begins. Its pressure decreases and the valve V2 closes. The valve V3 opens, the condensate stored in the tank expands and enters the evaporator, its pressure drops from the pressure of the condenser to that of the evaporator. When the pressure in the adsorber reaches that of the evaporator, the valve V1 opens and the adsorber which is in slight depression sucks the steam produced in the evaporator. The useful effect of cooling occurs during evaporation. The cooling of the adsorber continues until it reaches its minimum temperature, where the adsorbent is saturated with adsorbate. Valves V1 and V3 close and another cycle begins.
Figure 2. Solar adsorption refrigeration system
Initially, the temperature and fluid content in the adsorber are supposed to be constant:
The three faces: (y=L), (z=0), and (z=H) are impermeable to mass transfer, and then
At the inlet face (y=0), the thermal boundary condition is written.
The faces (y=0), (y=L), and (z=0) are thermally insulated by an insulator with a very low overall conductance, they are given by:
where h1 depends on the conductivity of the insulator and convective terms inside and outside the box (In this case we find that h1 = 2 W / K.m)
The upper face of the collector (z = H) is heated by the solar energy, so the thermal boundary conditions is written as follows:
where α is the optical efficiency of the solar collector (it is 0.8) and h2 is a convective term which is equal to 4.
To clearly appreciate the effects of the influencing parameters on fluid flow, heat, and mass-transfer characteristics, we have defined the average reduced temperature and the average reduced moisture content, respectively, as follows:
Solar performance coefficient
A study of heat and mass transfers evolution under the climatic conditions of the city of Monastir, Tunisia has been conducted in order to improve the performance of solar adsorption cooling system.
The solar performance coefficient of an adsorption cooling machine COPs is defined by the ratio between the amount of cold produced and the amount of solar energy incident. We therefore write: 
where Δmdes = Ms (Xf −Xi) and Ms = (1−εm)(1−εb)ρs S e We obtain Qe =(1−εm)(1−εb)ρs S e ∆X [Lv −Cp(Tc −Te)] (22) where ∆X is the difference between the mass fluid content in the initial state and that in the final state (∆X=Xi −Xf) Lv: is the latent heat of evaporation of the adsorbed fluid. Cp (Tc -Te): Cp (Tc -Te): is the sensible heat necessary to cool the fluid desorbed from the condenser temperature Tc to the temperature Te of the evaporator
The solar global energy incident during a day is obtained by integration of the instantaneous power Esl=Imax sin(π t/Δt), we obtain therefore:
NUMERICAL APPROACH
The system of differential equations governing the heat and mass transfers during desorption in solved numerically by the classical finite volumes method. We used an implicit scheme for the temporal derivative terms, the upwind scheme for the convective terms, and a centered scheme for the convective terms, and a centered scheme for the diffusive terms. The obtained numerical code is iterative, and the convergence criterion is that when the actual error for all variables is lower than 10 -6 . A numerical study of the grid has been achieved for a size ranging from 26*10 to 26*26 and the grid of 26*26 exhibit good compromise between the accuracy and the computation time to be used in all investigated case.
The plane adsorber used is of length L=1 m, width w=1 cm, and height H=0.04 m. The thermophysical properties used in all the numerical simulations are listed in Table 1 .
Table 1. Thermophysical property values used in numerical simulations
Activated carbon 
Discussion
The numerical code has been validated with the closest available works and good agreement was shown by A. Zegnani et al. [27] . Obtained results are compared with the experimental data of Marmottant et al. [28] Numerical simulation allows us to distinguish two periods. the first period for desorption which extends between 6h until 17h and an adsorption period which extends until the next morning.
During desorption period, the collector starts to heat up from 6 o'clock, which causes the increasing of temperature, but fluid content remains constant. This period is called the heating period.
From about 10 h, temperature reaches 325 K, the desorption begins and fluid content decreases rapidly in the beginning.
Desorption rate decreases progressively and tends to zero at the end of desorption. The fluid content takes a constant value, which is its equilibrium value. It can be noted that this equilibrium value depends on temperature and specific humidity.
The equilibrium fluid content is the lowest for the month of June when heating is very important.
During adsorption, the fluid content progresses with time. In fact, the collector cools gradually and temperature decreases. At the end of adsorption, fluid content resumes its equilibrium value corresponding to initial climatic conditions.
(a) Activated-carbon/methanol pair temperature evolution (b) Average methanol content evolution Figure 5 . Activated-carbon/methanol pair temperature / average methanol content evolution with time on typical days
The same simulation was performed to determine average temperature and average CO2 content for three seasons using activated carbon / CO2 pair (see Figures 6.a and 6.b) .
The same general findings are observed as before. only the desorbed amount of CO2 is less than that obtained for methanol.
(a) Activated-carbon/CO2 pair temperature evolution (b) Average CO2 content evolution (Figure 7a ). The results allow us to observe that the increase of the condensation Tc has an important effect on the desorption acceleration. Indeed, when Tc increases, reducing desorption and consequently the desorbed mass decreases. Similarly, we are interested in the effect of evaporation temperature on the average content. The numerical simulation allows us to represent the average content evolution for various values of evaporation temperature (268 K, 273 K and 278 K) in (Figure 7b) . The results allow us to observe that when Tev increases, reducing desorption and so the quantity of the desorbed average content decreases.
Coefficient of performance COPs
The solar performance coefficient of an adsorption-cooling machine COPs is defined by the ratio between the amount of cold produced and the amount of solar energy incident. We have compiled in Tables 2a and 2b the different COPs values of both pairs during three days.
The results have shown that a faster desorption by methanol rather than by CO2 causes an activatedcarbon/methanol COPs to be higher than that of activatedcarbon /CO2 pair. The value obtained of solar coefficient of performance COPs is acceptable for CO2 and very important for methanol. In fact, COPs is less than 0.206 and 0.098 for activated-carbon/methanol and activated-carbon/CO2 pairs, respectively. The theoretical study allows us to determine the COPs variation of activated carbon/CO2 pair according to condensation temperature and evaporation temperature in Tables 3a and 3b , respectively. The study shows that the increase of the condensation temperature Tc, decreasing the therefore the mass desorbed and therefore decreasing the value of solar coefficient of performance COPs and the increase of the evaporation temperature, increasing the value of solar coefficient of performance COPs.
CONCLUSIONS
During this work, we have studied, numerically heat and mass transfer in a flat solar collector during desorption and adsorption using activated carbon / methanol and activated carbon / CO2 pairs.
A numerical home code is used to determine the spatiotemporal evolution of various variables essentially average temperature and fluid content. This computational approach permits us, also, to calculate solar performance coefficient.
This study shows that the solar performance coefficient of adsorption machine is better in summer and the activated carbon / methanol pair is better than that of activated carbon / CO2, in fact solar performance coefficient can reach 0.206 for activated carbon / methanol pair and 0.098 for that of activated carbon / CO2.
Similarly, we have studied the effect of different parameters (condensation temperature and evaporation temperature) on the desorption acceleration and desorbed mass. The value of the solar coefficient of performance COPs was also studied according to these parameters. The results have shown that for Tc= 293 K and Te= 278 K we obtained the important value of solar coefficient of performance COPs. So, to improve the solar coefficient of performance COPs, it is necessary to have a large evaporation temperature Tev and a low condensation temperature Tc. 
